Members of the src family of protein tyrosine kinases are thought to play a critical role in the regulation of normal cellular proliferation (reviewed in references 24 and 44 ). This conclusion is complicated, however, by the observation that relatively high levels of src are present in postmitotic cells such as neurones (6) , platelets (19) , and adherent monocytes (17) . It therefore remains possible that src-related proteins are pleiotropic, participating in different physiological processes depending on both the cell type and its state of differentiation.
Where tested, src-related proteins have been found to be predominantly associated with the plasma membrane (1, 7, 13, 14, 45, 57, 63) . In part, this association appears to be mediated by a hydrophobic myristic acid moiety which is covalently attached to a conserved N-terminal glycine residue during biosynthesis (7, 15, 59, 71) . Indeed, myristylation-defective src-related proteins fail to associate with membranes and, moreover, are nontransforming (14, 26) , suggesting that membrane localization is necessary for these kinases to gain access to specific cellular substrates.
On the basis of their association with cellular membranes and their structural similarity to the growth factor receptor tyrosine kinases, it has long been suspected that the srcrelated kinases mediate intracellular signal transduction. This hypothesis has gained momentum recently with the demonstration, by reciprocal coimmunoprecipitation, that the products of three src-related genes, Ick, fyn, and lyn, are physically associated with the CD4-CD8 receptors (53, 67) , the T-cell antigen receptor (55) , and membrane-bound immunoglobulin (72) , respectively.
In the best-studied example, it has been shown that antibody-mediated cross-linking of CD4 on the surface of murine thymocytes, splenocytes, and CD4+ T-cell lines results in rapid tyrosine phosphorylation of p56Ick as well as other cellular proteins, including the 4 subunit of the T-cell receptor complex (36, 66) . Increases in tyrosine phosphorylation similar to those observed for CD4 are detectable in thymocytes following antibody-mediated cross-linking of the CD8 receptor (68) . These data provide compelling evidence that the activity of p56Ick is regulated by interaction with the CD4 and CD8 receptors and, by extrapolation, that other src-related proteins may be modulated by specific cell surface receptors.
In the present study, we have investigated a member of the src family, hck, that is expressed predominantly in cells of the myeloid and B-lymphocyte lineages (23, 49, 74) . Until recently, it was assumed that the two forms of hck protein previously detected in human macrophages (75) and several murine hemopoietic cell lines (our unpublished data) were most likely the result of posttranslational modification of a primary translation product. We now present evidence that the variant hck proteins are generated by selective utilization of two in-frame translational initiation codons in a single species of mRNA. The two hck isoforms have different N termini and thus might be capable of interacting with distinct substrates or regulators (4, 44, 60) . Unexpectedly, subcellular fractionation analysis reveals that while murine p56hCk is associated exclusively with membranes, p59hck iS present in the cytosol and membrane fractions of three hemopoietic cell lines.
MATERIALS AND METHODS
In vitro mutagenesis. A 314-bp EcoRI-SphI fragment encompassing the 5' end of murine hck cDNA (23) was subcloned into M13mpl8 (41) . The following single-base substitutions were introduced by oligonucleotide-directed mutagenesis (64) : the CTG at codon -21 relative to the presumed translational start site was changed to TTG or ATG, the ATG at position 1 was converted to TTG, and the TGC at codon -15 was changed to TGA. All mutations were confirmed by nucleotide sequence analysis (56 (40) . The integrity of the resultant transcripts was confirmed by formaldehyde gel electrophoresis (54 4 h. This treatment has been shown to lead to an increase in the steady-state levels of hck mRNA in these cells (35) . Cells were washed twice with phosphate-buffered saline, suspended in serum-free Dulbecco's modified Eagle's medium with [9,10(n)-3H]myristic acid (53.4 Ci/mmol; Amersham) at a concentration of 1 mCi/ml and lipopolysaccharide at 1 ig/ml, and incubated for 3 h at 37°C. Membranes prepared from these cells by hypotonic lysis and high-speed centrifugation (see below) were analyzed by immunoprecipitation, SDS-PAGE, and fluorography.
Antibodies, immunoprecipitation, and in vitro protein kinase assays. hck proteins were detected by immunoprecipitation with either Hck/GST or Hckl8 polyclonal antiserum. The Hck/GST antiserum was raised against a glutathione-Stransferase (GST)-hck fusion protein containing the residues specified by codons -13 to 32 of murine hck cDNA (23) . The ability of this antiserum to specifically immunoprecipitate murine p59hck and p56h`k and not murine lyn or Ick protein has been confirmed by using the in vitro translation products of the cognate cDNAs (5a). To generate the Hckl8 antiserum, a peptide corresponding to the amino acids specified by codons -21 to -4 of hck cDNA was coupled to keyhole limpet hemocyanin (Sigma) (33) . Three Nuclei and unlysed cells were removed by centrifugation at 1,000 x g for 2 min, and the supernatant was centrifuged in a TL-100 rotor (Beckman) at 100,000 x g for 10 min at 4°C. Both the particulate fraction (P100), representing cellular membranes, and the supernatant fraction (S100), representing the cytosol, were adjusted to 1 x modified Lau buffer and solubilized at 4°C for 30 min. Detergent-insoluble material was removed by centrifugation at 10,000 x g for 5 min prior to immunoprecipitation.
Phase separation of membrane and cytosolic hck isoforms by using Triton-X114 detergent. As described by Bordier (5), phase separation utilizes the property of the nonionic detergent Triton X-114 to separate into aqueous and detergent phases at temperatures of >20'C. Amphiphilic and hydrophilic proteins are therefore separable on the basis of their capacities or inabilities, respectively, to bind detergent. In brief, cytosolic (S100) and membrane (P100) fractions (see above) were solubilized in an equal volume of 0.5% Triton X-114 in phosphate-buffered saline for 30 min at 4°C. After removal of detergent-insoluble material by centrifugation at 10,000 x g for 5 min, supernatants were layered onto a cushion of 6% sucrose-0.06% Triton X-114. Samples were incubated at 37°C for 2 min to induce phase separation and immediately centrifuged at 4,000 x g for 3 min at room temperature. Aqueous and detergent phases were collected at 4°C, adjusted to lx modified Lau 1 and 2) and murine J774 cells (lanes 3 and 4) with Hck/ GST (lanes 1 and 4) or Hckl8 (lanes 2 and 3) antiserum. These antisera are directed against the residues specified by codons -13 to 32 and -21 to -4, respectively, of murine hck cDNA. Following SDS-PAGE, the alkali-treated gel was dried and exposed to autoradiographic film for 72 h.
Expression of two forms of hck protein in transfected COS cells. To determine whether murine hck cDNA initiates translation from CTG and ATG codons in vivo, the mutants shown in Fig. 1A The observation that pS6hk and p59hck were radiolabeled independently (compare lanes 2 and 5) indicates that both species are catalytically active.
The identity of a third phosphorylated protein with slightly reduced electrophoretic mobility to p59h, k (lanes 1, 2, and 4) was not determined. However, the protein was absent from COS cells transfected with vector alone, implying that it is likely to be specified by hck cDNA. The absence of additional potential start sites 5' of the CTG codon suggests that the protein is probably not a distinct translation product. As the protein is found only in conjunction with the larger hck isoform, it may represent a posttranslationally modified form of p59hck. Perhaps the most plausible explanation is that the protein represents a phosphorylation isomer of p59h,k similar to isomers of p60c-src and p561ck that have reduced mobility as a consequence of increased N-terminal serine phosphorylation (reviewed in reference 10).
Isoforms of human hck. By analogy with murine hck, the two species of hck protein detected in human peripheral blood monocyte-derived macrophages (75) (Fig. 1) . At first sight, however, it appears that the CTG and ATG present within human hck cDNA do not share the same reading frame (49) . To investigate this further, we have isolated an hck cDNA clone from a human bone marrow cDNA library by using a radiolabeled probe corresponding to the 5' end of murine hck cDNA. Figure 2A compares the partial nucleotide and predicted amino acid sequences of this cDNA with those of the corresponding region of murine hck cDNA. In contrast to the nucleotide sequence reported by Quintrell et al. (49), we found that the CTG and ATG of our human hck cDNA share the same reading frame. Moreover, comparison of the predicted amino acid sequences of the two cDNAs revealed a high degree of similarity: 19 of the 21 amino acids are identical, including a glycine residue at position 2, which is invariant among src-related kinases.
To test the prediction that the two human hck isoforms initiate from discrete translational start codons, we have employed a polyclonal rabbit antiserum, Hckl8, raised against an N-terminal peptide unique to murine p59hck (see Materials and Methods). Unlike Hck/GST antiserum, which recognizes determinants common to both hck isoforms, Hckl8 antiserum was expected to react only with the larger hck isoform. Using these antisera in parallel, lysates from human HL-60 and murine J774 cells were analyzed by immunoprecipitation and in vitro kinase assay followed by SDS-PAGE and autoradiography. As shown in Fig. 2B , immunoprecipitates from HL-60 cells generated by using the Hck/GST antiserum contained two species with apparent molecular weights of 60 and 59 kDa (lane 1). Presumably, these two species correspond to the two hck proteins previously detected in human monocyte-derived macrophages (75) and represent the human homologs of murine p59hck and p56 h,k (lane 4). When a similar analysis was carried out with Hckl8 antiserum, only the larger human and murine hck isoforms were detected (lanes 2 and 3, respectively). A 68-kDa phosphoprotein in immunoprecipitates generated with Hckl8 antiserum (lanes 2 and 3) was not identified, but it may represent an hck-related phosphoprotein. The observed differences in apparent molecular masses of the human and murine hck isoforms likely reflect the numerous amino acid substitutions that distinguish the murine and human hck translation products (44) , including the two substitutions predicted within the N-terminal 21 amino acids of the larger isoform ( Fig. 2A) . (lanes 1 and 2), RAW8 (lanes 3 and 4) , and WEHI-265 (lanes 5 and 6) cells. Samples were immunoprecipitated with Hck/GST antiserum and radiolabeled by autophosphorylation as described in the legend to Fig. 1 Subcellular localization of p56hck and p59hck. Several members of the src family of tyrosine kinases, including p60c-src (13), pS6Ick (1), p59fy (45) , and isoforms of lyn (62a) , are associated with membranes, an association believed to be of central importance to their roles in intracellular signal transduction (1, 14, 26, 52) . To determine the subcellular localizations of the two hck isoforms, we prepared cytosol and membranes from two macrophage cell lines, WEHI-265 and J774, and from the murine B-lymphoma cell line RAW8. hck protein was immunoprecipitated with Hck/GST antiserum and detected in an in vitro kinase assay. As shown in Fig.  3A , membrane fractions from all three cell lines contained radiolabeled p56hck and p59hck (lanes 2, 4, and 6). Surprisingly, however, p59hck was also detected in the cytosolic fraction of these cells (lanes 1, 3, and 5 ). The absence of cytosolic p56hck in J774, RAW8, and WEHI-265 cells suggests that the cytosol preparations were essentially free of contaminating macromolecules associated with cellular membranes. The purity of the cell fractions was further substantiated by immunoblot analysis (Fig. 3B) , indicating that the cytoplasmic marker, heat shock protein 90 (Hsp9O) (31) , and an associated breakdown product, are predominantly associated with the cytosolic fraction (lanes 1, 3, and  5 ). Like the murine hck gene, the lyn gene is expressed in several myeloid and B-lymphoid cell lines, including WEHI-265 cells (62a) . In contrast to p59hck, however, enzymatically active p56lYf and p53lYf are detectable in the membrane but not the cytosolic fraction of WEHI-265 cells (data not shown).
Cytosolic and membrane-associated hck isoforms exhibit different physical properties. Since numerous src-related proteins have been shown to be myristylated (7, 38, 45, 63, 69) , a modification essential for membrane association (14, 26) , we considered the possibility that cytosolic and membrane-associated hck isoforms might be differentially acylated. We addressed this possibility by analyzing cytosolic and membrane fractions from various cell types by temperature-induced phase separation in the nonionic detergent 4) , WEHI-265 (lanes 5 to 8), and J774 (lanes 9 to 12) cell lines were solubilized in Triton X-114 detergent and partitioned into aqueous (lanes A) and detergent (lanes D) phases by temperature-induced phase separation (5) . hck proteins were detected by immunoprecipitation with Hck/GST antiserum and in vitro kinase assay as described in the legend to Fig. 1 . Autoradiography of the alkali-treated gels was for 24 to 48 h. (B) WEHI-265 cells were metabolically labeled with [3H]myristic acid, and membranes isolated from these cells were analyzed by immunoprecipitation with Hck/GST antiserum and SDS-PAGE followed by fluorography for 10 days. A scanning densitometer trace of the fluorograph is shown at right.
Triton X-114 (5) . When this procedure is used, amphiphilic molecules, such as proteins with a transmembrane domain (5, 47) or associated fatty-acyl groups (42, 62) , partition in the detergent phase, while hydrophilic molecules partition in the aqueous phase (5). As shown in Fig. 4A , cytosolic p59hck in RAW8, WEHI-265, and J774 cells was present in the aqueous phase (lanes 1, 5, and 9, respectively) but not in the detergent phase (lanes 2, 6, and 10, respectively). Conversely, membrane-associated p59hok and p56hCk were recovered in the detergent phase (lanes 4, 8, and 12), with no kinase activity detectable in the aqueous fraction (lanes 3, 7, and 11). These results clearly demonstrate the existence of two enzymatically active populations of hck molecules: an amphiphilic membrane-associated population and a watersoluble cytosolic fraction. It therefore seems highly likely that the two types of molecule differ in whether they possess or lack covalently associated fatty acid.
To establish whether hck isoforms, like other members of the src family, are myristylated, WEHI-265 cells were metabolically labeled with [3H]myristic acid. Membrane preparations from these cells were subjected to immunoprecipitation analysis with Hck/GST antiserum, and the products were detected by SDS-PAGE and fluorography. As shown in No hck protein could be detected in the cytosolic fraction by this procedure (data not shown).
DISCUSSION
Alternative translational initiation codons employed in generation of hck isoforms. Members of the src family of protein tyrosine kinases are thought to have evolved from a common ancestral gene by a process of repetitive gene duplication (reviewed in reference 44 ). An increasing body of evidence, however, suggests that a further level of structural and, presumably, functional diversity has been achieved by the production of multiple gene products via mechanisms such as alternative RNA splicing. For example, the src (34, 39, 48) , fyn (9) , and lyn (62a, 73) genes all encode distinct isoforms as a result of alternative splicing. For the most part, the significance of these alternative gene products is inferred on the basis of their existence rather than demonstrated discrete functions.
In the present study, we have documented the first example of translational regulation within the src family of genes by showing that the two forms of hck frequently observed in immunoprecipitates from various murine and human cell lines are generated by utilization of alternative translational initiation codons. The larger murine isoform, p59hck, initiates translation at the relatively uncommon start codon, CTG, while translation from the more classical ATG codon generates p56hck. Thus, both isoforms have the same catalytic domain but are distinguished by the presence or absence of a 21-amino-acid N-terminal extension. While the mutational analysis performed with murine hck cDNA has not been recapitulated with human hck cDNA, our ability to selectively immunoprecipitate p6Ohck from HL-60 cells with the Hckl8 antiserum suggests that this isoform includes sequences upstream of the ATG presumed to serve as the translational initiation codon for generation of human p59h,k (Fig. 2B) . It therefore seems highly probable that human p6Ohck is derived from a CTG codon analogous to that utilized to generate murine p59hck.
N terminus of the large hck isoform: a functional domain?
In addition to containing signals for myristylation and membrane association, the N termini of src-related kinases are thought to include binding sites for putative substrates and/or regulatory molecules (4, 44) . In particular, this region may facilitate interactions with specific membrane-associated receptors. This hypothesis stems from studies showing that the N-terminal 32 amino acids of p561ck are sufficient for complex formation with the T-cell surface molecules CD4 and CD8 (60) . Coupling of these proteins is critically dependent on two cysteines close to the N terminus of p56Ick and a corresponding pair of cysteines within the cytoplasmic domains of CD4 and CD8 (60, 61, 65) . While indirect evidence favors the hypothesis that p56Ick and CD4-CD8 associate via coordination of a metal ion (65) , the precise nature of this interaction has not been defined. In light of these observations, we have considered whether the unique N terminus of each hck isoform might enable two molecules with the same catalytic domain to interact with distinct membrane-associated proteins. In this context, it is intriguing that the 21-amino-acid N-terminal extension of the larger hck isoform contains a pair of cysteine residues at positions 7 and 12 ( Fig. 2A) that by analogy with p56lck may represent sites of interaction with a specific cell surface receptor. The cysteine residues in p56Ick and CD4-CD8 are separated by 2 and 1 amino acids, respectively, and the cysteines of the larger hck isoform are separated by 4 amino acids. Whether these residues are critical for the interaction of p59hck with a putative receptor remains to be determined.
Murine p59hck is found in two subcellular compartments.
While numerous reports have documented the existence of cytosolic src-related kinases (1, 7, 13, 57), these kinases have often been attributed to contamination (13, 57 A particularly intriguing observation arising from our studies is that while membrane-associated hck isoforms partition in the detergent phase during Triton X-114 fractionation, all of the kinase-active cytosolic hck is located in the aqueous phase. These data strongly suggest that cytosolic p59hck is hydrophilic in nature and, accordingly, is unlikely to be acylated.
Since myristylation is essential for membrane association (14, 26) , one possible explanation for the observed cytosolic p59hck iS that it represents molecules that were not myristylated during translation, perhaps as a result of p59hck having a poor myristylation signal. This is somewhat speculative, however, as the sequence requirements for efficient myristylation have not been clearly defined. For example, a basic amino acid at position 7 relative to the initiating methionine has been shown to be critical for efficient myristylation of p60v-src (27) but is not present in other myristylated proteins, including p56Ick (38, 69) , and the product of the retroviral gag gene (22) . Furthermore, most, but not all, myristylated proteins include a serine or threonine residue at position 6. In regard to these two criteria, p59hck lacks a basic residue at position 7 and has serine at position 6. By contrast, p56hck
includes both an arginine at position 7 and a serine at position 6 (23, 49) . Since myristylation is likely to be dictated by primary N-terminal sequence alone (27) , it will be of interest to establish whether the different N-terminal sequences of the two hck isoforms influence the relative efficiencies with which these proteins are myristylated in vivo.
A second possible explanation for the existence of cytosolic nonmyristylated hck is that these molecules represent a fraction of hck that has been released from the membrane after proteolytic or lipolytic cleavage of covalently bound myristic acid. While there are no precedents for enzymes that specifically remove myristic acid, a number of deacylating activities have been identified (3, 25, 37) . Transit of hck molecules from the membrane to the cytosol may represent part of a down-regulation process in which hckmediated signal transduction activity is attenuated by the removal of active hck molecules from the vicinity of critical membrane-associated substrates. This notion is consistent with the observation that myristylation of p60vsrc, p60csrc, and p56Ick is critical for membrane association and transforming activity and is thus likely to be important in enabling src-related kinases to interact with their substrates (1, 14, 26, 52) . If, like other src-related proteins (53, 55, 67, 72) 
